Calcium silicophosphate glass ceramic coatings on titanium alloys were obtained by the slip technology and their properties studied. The form and optimal amount of suspending additive for securing the required properties of the slip were picked. The working parameters for depositing these coatings on titanium alloys were determined.
crystallization of calcium-silicophosphate glasses. In this case the possibility of forming a finely dispersed structure with crystallite sizes near 1 mm as well as the presence of thin interlayers of a glass phase are the keys to the high strength of glass ceramic materials [1] . This is a prerequisite for using them on the load-bearing sections of bones.
For this reason an urgent problem is to develop bioactive glass ceramic coatings on titanium alloys with prescribed thickness, degrees of crystallinity, and high adhesion to a metal base. The present work is devoted precisely to this point as well as the choice of technology for depositing such coatings.
The production of defect-free coatings on metals is largely determined by the deposition method [2, 3] . The sol-gel method (SG), plasma spraying (PS) [3] , and slip enameling (SE) with an electric field (electrophoresis) or without it are the only methods that can be used for glasscomposite and glass-enamel coatings [1, 4] . A comparative evaluation of deposition methods and properties of the biocompatible glass ceramic coatings (GCERC) as well as glass-composite coatings (GCOMC) on titanium are presented in Table 1 .
The primary method with commercial applications for forming a biocompatible calcium-phosphate coating on titanium and its alloys is plasma spraying, despite the drawbacks of the coatings obtained by this method, such as the different crystalline composition of the inner and outer layers and amorphization [9] . In addition, the plasma spraying process does not permit deposition of GCOMC and GCERC with Glass and Ceramics, Vol. 72, Nos. 3 -4, July, 2015 (Russian Original, Nos. 3 -4, March -April, 2015) bioactive glass mass fraction > 5% 2 [10] , which lowers their resorption considerably.
The use of the sol-gel technology is limited primarily by its high labor-intensiveness and relatively expensive initial materials [9, 10] , while electrophoresis is limited by the need to determine the dispersion medium carefully by trial and error and obtain a finely dispersed glass powder with grain size < 40 mm [7] .
In this connection, in most cases biocompatible coatings are deposited by the slip enameling technology, which makes it possible to rapidly cover a substrate with a complicated shape by varying the thickness of the coating, is very simply implemented and does not require additional expenditures [8] . However, calcium-phosphate coatings obtained by the slip method have low adhesion strength [2, 4] . This is because the linear thermal expansion coefficient (CLTE) of the titanium is different from that of the coating and the crystal phase is large, as a result of which complete contact between the coating and the substrate is not obtained.
One way to obtain high coating -metal adhesion strength is to first sand blast the metal surface and then deposit a coating by the slip technology. This was the aim of the present work.
METHODS OF STUDY
The presence and composition of a crystalline phase in glasses and coatings were determined by x-ray phase analysis (XPA) and petrographic methods of analysis. XPA was conducted on the DRON-3M diffractometer. Petrographic analysis was performed with an NU-2E polarization microscope with magnification to ×1200.
The milling fineness of the dispersed phase of slip suspensions (slips in what follows) was determined on a Bayer testing sieve with 3600 openings/cm 2 and cell size 100 mm (black sieve) [11] ; the slip density and coverage were determined according to the technological instructions I.245.1-Ts-8.2.03-2003 (Novomoskovskaya posuda JSC); and, an MK25-1 smooth micrometer was used to determine the coating thickness according to GOST 6507-90.
The quality of a dry coating before firing was checked by visual examination. The strength of the adhesion of the coating to a metal upon bending was determined on a scale according to its area of separation from the metal in accordance with GOST 24405-80 and the ultimate shear strength determined on a TIRA Test 2300 rupture machine according to GOST R 525641-2006.
EXPERIMENTAL PART

Elaboration of the Composition of a Glass Enamel Coating on Titanium Alloys
The following performance properties must be secured in order to obtain a defect-free bioactive coating on titanium alloys: CLTE = (90 -130)´10 -7 K -1 [1, 12] , coating thickness h = 100 -200 mm [2], adhesion strength s adh ³ 15 MPa according to ISO 13779-2, and adhesion strength of magnitude 4 -5 according to GOST 24405-80. It is important that the following indices be secured for a coating in order to work on bone sections under dynamical loads: Young's modulus E = 10 -22 GPa [13] , crack-resistance parameter K 1C = 2.0 -4.6 MPa × m 1/2 [13] , and strength in bending s b ³ 50 MPa according to GOST R 51736-2001.
The slip requirements for obtaining an enamel cover coat on metals by pouring or dipping are [11, 14] : milling fineness on a black Bayer sieve 0.5 -4.0, density r = 1.65 -1.78 g/cm 3 , and coverage 3 -8 g/dm 2 .
Synthesis of Model Glasses
A necessary condition for obtaining bioactive glass-ceramic coatings is crystallization in the initial glass with the precipitation of calcium phosphates with crystal sizes from 1 to 3 mm [1] .
Since titanium implants with a glass enamel coating on sections subjected to dynamic loads must be used in orthopedics and maxillo-facial surgery, the following system was chosen as a basis for obtaining model glasses: Regions were delineated in the system chosen and 10 compositions of model glasses were synthesized in the low-silica region with RO 2 content 10% and T branding as a basis for biocompatible glass ceramic coatings on titanium implants made of VT5L alloy for the leg of hip joint endoprosthesis and six compositions of model glasses in the high-silica region with RO 2 content 20% and AP branding as a basis for biocompatible glass ceramic coatings on titanium implants made from the alloy OT4-1 for maxillo-facial surgery.
All model glasses were made under the same conditions at temperatures 1300 -1480°C in corundum crucibles followed by cooling on a metal sheet. The glasses T3 and AP-10, which are characterized by volumetric finely dispersed crystallization with precipitation of calcium phosphates, were chosen for investigation.
Production of Coatings on Titanium Alloys by Slip Technology
Surface of the titanium alloys VT5 and OT4-1 was prepared by sandblasting (SB) appropriate for titanium-ceramic facing [15] : normal label 14A corundum microgrit with F120 grain size, according to GOST 3647-80 and ISO 8486-86, and chemical composition according to GOST 28818-90; maximum pencil pressure 2 bar; direction of microgrit flow at right angle to the surface.
To obtain an approximately 100 -200-mm coating layer the glass powder used was sieved on a sieve with 100 mm openings. The optimal milling thickness on a black Bayer sieve was determined to be 3.0 -3.5.
Water, water-alcohol solutions [10, 5] , and water solutions of high-molecular compounds (HMC) [9] are used as the dispersion medium for preparing a slip for deposition of biocompatible coatings on titanium and its alloys. The following were used as dispersion media in the present work: water solutions of HMC with concentration 0.1 -4%; polyvinyl alcohol (PVA), 16/1 highest grade, GOST 10779-78; sodium carboxymethyl cellulose (CMC), 75/400 (produced by DneprAZOT JSC), or xanthene gum (XG), fraction 200 (produced in China). The safety and validity of using PVA and CMC is confirmed in [9] . Xanthene gum XG, used in pharmaceutical and food products and not requiring dissolution in hot water as do PVA and CMC, and possessing marked suspending properties, was used as an alternative dispersion medium.
The HMC solutions were prepared as follows: 1 or 4% PVA or CMC was dissolved in 99 or 96% hot water (60 -80°C), respectively, until transparent, uniform, 1% or 4% solutions of PVA or CMC were obtained. The 0.1% -1% CMC solutions were prepared similarly with careful mixing up to the formation of uniform solutions.
The slips were obtained by mixing solutions based on HMC (SHMC) and powder of the glass used (G) in the amount 60% with ratio G : SHMC = 1 : (1 -1.66). The slips obtained were deposited by pouring on samples prepared from the titanium alloys OT4-1 and VT5 according to GOST 19807-91 for use as a medical article according to ISO 5832/III. The coated samples were dried at temperature 80 -120°C, fired at 820°C for AP-10 and 900°C for T3 for 1 -1.5 min. The coatings were fired at temperatures £ 930°C in order to avoid polymorphic transformations and active oxidation of the titanium alloys with formation of a brittle oxygen-saturated layer of significant thickness as well as deformation of the article itself [12] . The branding of the coatings corresponds to the branding of the glasses on which they are based.
RESULTS AND DISCUSSION
These investigations established that the primary factor determining the physical and chemical properties of slips and the technological properties of the coatings is the form of the suspending additive (Table 2) . For example, an increase in their amount results in higher slip coverage and density, in agreement with the data of [16] . The coverage and density of the slips increase in the following sequence with increasing HMC amount: PVA ® CMC ® XG.
After prolonged storage slips based on ZG and T3-glass powder did not undergo sedimentation and upon deposition onto a substrate did not flow off the surface, baring the metal. After firing, the coating obtained on the basis of these slips was characterized by the absence of visible defects and adhesion with metal in a magnitude 5 range (see Table 2 ).
The use of PVA is limited by clumping and separation of the slip based on this SHMC and T-3 glass powder, which makes these slips unsuitable for storage. After firing the coating was characterized by variable thickness as a result of inadequate slip density and the presence of hair-like lines, in agreement with the data of [16] . The addition of a PVA solution into the slip in amounts above 1% resulted in nonuniform color of the coating in white light and reduction of its adhesion strength with metal. The presence of many gas bubbles of different size along the entire volume of the coating can serve as the reason for this.
The T3 coating based on slip with CMC was characterized by the presence of through pores, dullness, and a brown deposit on the surface of the fired samples (see Table 2 ).
A comparative assessment of the form and amount of SHMC established that there is promise in using XG to obtain high-quality coatings by the slip method. Slips were prepared using 0.1%, 0.2%, and 0.5% XG solutions to determine the possibility of using slip enameling to obtain an AP-10 coating on titanium alloy OT4-1 ( Table 3) .
The T3 and AP-10 coatings obtained using the XG solutions presented above were characterized by continuity and good adhesion to the substrate after SB of the titanium alloys (see Tables 2 and 3) . A 0.2% solution of XG was chosen as the optimal dispersion medium for obtaining defect-free coatings; the slip density and coverage of fall within the admissible range.
It was determined that use of the bioactive coatings developed for deposition on titanium alloys by the slip technology using SB of metal makes it possible to obtain implants with high mechanical properties and adhesion strength in the range 12 -15 MPa [17] , which makes it possible to use them on load-bearing sections of bone (Table 4) . Notations: HV ) Vickers hardness, MPa.
CONCLUSIONS
It was confirmed that slip technology combined with sandblasting hold promise for obtaining calcium silicophosphate glass ceramic coatings on titanium alloys. The choice of the form and optimal amount of the suspending additive necessary to secure the required slip properties was validated. The working parameters for obtaining calcium silicophosphate glass ceramic coatings on titanium alloys were determined: milling fineness on a black Bayer sieve in the range 3.0 -3.5, density 1.65 -1.7 g/cm 3 , and coverage 7.75 -8.0 g/dm 2 .
The coatings developed are characterized by mechanical properties and adhesion strength in the admissible range for developing implants that operate on bone sections subject to dynamic loads. The results obtained can be used profitably to develop bioactive materials based on titanium alloys for bone endoprostheses in orthopedics and maxillo-facial surgery.
